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Abstract 
The oxygen stoichiometry has a large influence on the physical and chemical properties of complex 
oxides. Most of the functionality in e.g. catalysis and electrochemistry depends in particular on control 
of the oxygen stoichiometry. In order to understand the fundamental properties of intrinsic surfaces of 
oxygen-deficient complex oxides, we report on in situ temperature dependent scanning tunnelling 
spectroscopy experiments on pristine oxygen deficient, epitaxial manganite films. Although these 
films are insulating in subsequent ex situ in-plane electronic transport experiments at all temperatures, 
in situ scanning tunnelling spectroscopic data reveal that the surface of these films exhibits a metal-
insulator transition (MIT) at 120 K, coincident with the onset of ferromagnetic ordering of small 
clusters in the bulk of the oxygen-deficient film. The surprising proximity of the surface MIT 
transition temperature of nonstoichiometric films with that of the fully oxygenated bulk suggests that 
the electronic properties in the surface region are not significantly affected by oxygen deficiency in the 
bulk. This carries important implications for the understanding and functional design of complex 
oxides and their interfaces with specific electronic properties for catalysis, oxide electronics and 
electrochemistry. 
 
In catalysis and electrochemistry the surface properties of catalyst and electrode materials dominate 
their functional performance. For oxide materials this is often associated with the bulk oxygen 
stoichiometry, with oxygen vacancies frequently improving the catalytic and electrochemical 
performance 
1, 2
. This contrasts with the spectacular physical properties with promising functionality 
displayed by complex oxides such as perovskites 
3-6
 but that are generally strongly reduced or even 
eliminated by the introduction of oxygen vacancies 
7
. Moreover, in nanoscale oxide heterostructures 
the possible large chemical and electrostatic potential gradients, and the high surface/volume ratios 
may drastically affect the properties of the material
8
. With respect to the chemically important surface 
properties, it is currently not clear whether an oxygen deficiency in the bulk of a three-dimensional 
(3D) perovskite affects these surface properties in concert with those of the bulk, or whether this is 
significantly different due to eg. altered oxygen vacancy formation energies near the surface due to 
different local ionic coordination or even a different local stoichiometry of the unit cells at the surface 
and interface. 
Complicating our understanding of the electronic properties of catalytically relevant complex oxide 
surfaces is the fact that at their surfaces and interfaces the broken translational symmetry 
fundamentally changes the properties
9, 10
. While this has been shown to produce remarkable physics at 
interfaces 
11-13
, at surfaces of three-dimensional (3D) perovskites the results are qualitatively different: 
many fully oxygenated 3D perovskite surfaces and interfaces exhibit a so-called nanoscale “dead 
layer” where the magnetic order and metal-insulator transitions that from the bulk are strongly reduced 
 or even absent 
14-19
. In first order, this can be explained by the decreased coordination at the surface 
that decreases the electronic band width, increases electronic correlations, and creates insulating 
phases. This picture is further obfuscated by the structural relaxations at the surface and charge transfer 
to or from the bulk 
20, 21
 which affect phonon frequencies, and the symmetry, dispersion, and filling of 
electronic bands, and (double) exchange interaction 
14, 20, 21
. Finally, the surface chemistry and surface 
defect concentration will affect the physical properties through their impact on the oxidation state of 
the transition metal cations. These changes thus not only influence the electronic and magnetic contact 
properties in heterostructure devices 
16, 17
, but most importantly will affect the surface chemical or 
catalytic characteristics as well. 
Moreover, the absence of good cleaving properties in 3D perovskites forces one to have in situ 
experimental surface analysis techniques in order to measure the properties of pristine surfaces and 
prevent further complications by contamination from exposure to the ambient atmosphere 
22
. To our 
knowledge the basic electronic properties of unexposed, pristine surfaces of catalytically and 
electrochemically important oxygen-deficient 3D perovskite materials have not been studied so far; a 
clean starting point for understanding catalysis and electrochemistry using perovskite oxides is 
therefore lacking. 
Here we have measured the temperature-dependent surface electronic properties of pristine oxygen 
deficient (La1-xPrx)5/8Ca3/8MnO3-δ (x=0.3) (LPCMO) thin films using temperature dependent scanning 
tunneling spectroscopy (STS). These films were grown and analyzed in situ, i.e. without exposing their 
surfaces to ambient conditions. The surface exhibits an unexpected temperature dependent metal-
insulator transition (MIT) even though the bulk of the films remains insulating at all temperatures, 
suggesting that the intrinsic electronic properties in the surface region are not significantly affected by 
an oxygen deficiency in the bulk. 
Results and Discussions 
The films were grown by pulsed laser deposition (PLD) on 0.05 wt % Nb-doped SrTiO3(001) 
substrates. The choice for STO substrates is motivated by the resulting tensile strain in the LPCMO 
films 
23
 that facilitates oxygen vacancy formation 
24
. Prior to PLD growth, the substrates were 
chemically etched in buffered HF and then annealed for 3 hours at 950ºC in an oxygen atmosphere. 
During growth, the substrate was kept at about 825ºC in a flowing oxygen (10% ozone) environment 
under a pressure ~1×10
-3
 Torr. After growth, the samples were slowly cooled down to 600 ºC at the 
same oxygen pressure used during growth, after which they were quickly cooled down to room 
temperature in vacuum, introducing oxygen vacancies in the bulk of the film. Note that oxygen 
vacancy concentrations in oxide thin films tend to decrease significantly near the surface 
25
. Reflection 
high energy electron diffraction (RHEED) was used to detect the quality and thickness of the films 
during growth, revealing layer-by-layer intensity oscillations and a 1x1 pattern at all thicknesses. The 
absence of a reconstruction indicates that indeed no oxygen-vacancy induced reconstructions exist at 
the surface. Atomically ordered single crystalline films have been produced routinely using similar 
procedures in our lab 
26, 27
. After growth the sample was transferred to a connecting variable 
temperature scanning tunneling microscopy (STM) chamber without breaking ultra-high vacuum. All 
STM images and tunneling spectra were obtained using mechanically cut Pt-Ir tips. The crystalline 
quality and lattice parameters of the bulk of the films were measured ex situ by X-ray diffraction 
(XRD). Resistivity vs. temperature curves were measured by a physical property measurement system 
(PPMS) under magnetic fields up to 9 T with a constant current of 100 nA in a 4-probe configuration. 
Magnetization data were taken using a Quantum Design magnetic properties measurement system 
(MPMS). 
  
Figure 1. (a) STM image of a 100 nm thick film (Vs=-0.5 V, I=30 pA). (b) Height profile along the line in (a) 
showing steps of unit cell height within the precision of  our measurement. (c) RHEED image from the grown 
film. 
 
Figure 1(a) shows the typical morphology of a 100 nm thick LPCMO(001) film. The morphology 
reveals a clean layer-by-layer growth mode. The height profile along the line in Figure 1(a) is plotted 
in Figure 1(b). The step height of all steps at the surface is ~0.4 nm, equal to the lattice constant of 
LPCMO, showing that only one kind of termination exists at the surface, in agreement with the 
persistent 1x1 structure evidenced by our in situ RHEED pattern, Figure 1(c).  Following previous 
work 
28
 we conclude our films are terminated at the Mn-O plane as it was grown on TiO2 terminated 
STO. No indication of segregated oxide clusters (e.g. CaO) was observed in either XRD or STM 
images. 
Figure 2 presents a reciprocal space map (a) collected around the (103) reflection of the sample, and a 
θ-2θ scan (b), confirming the single crystalline nature of the grown film. We emphasize here that the 
XRD data pertain to the bulk of the film as the system sensitivity for measuring the lattice parameters 
at the surface alone is too low. The data indicate that the film, even at 100 nm thickness, is not relaxing 
significantly with increasing distance from the substrate but is still coherently strained to the in-plane 
lattice constant of 3.905 Å imposed by the epitaxial growth on STO. The oxygen distribution appears 
homogeneous and random as no structural phase separation (e.g. into a Brownmillerite structure) is 
detected. The c-parameter in the film is contracted as compared to bulk LPCMO of this doping 
29
, as 
expected for a tensile-strained film grown on STO. However, the calculated Poisson ratio for the 
biaxially strained film (a,b,c)film = (3.90,3.90,3.8255) Å using (a,b,c)bulk = (3.848,3.849,3.840) Å for 
freestanding bulk LPCMO 
29
 is 0.123. This is most likely due to the presence of a large concentration 
of oxygen vacancies 
30
, which may stabilize the epitaxially strained lattice matching up to large 
thicknesses. Comparing our data with the relative change in unit cell volume per relative change in 
 oxygen deficiency in related La0.65Ca0.35MnO3 from the inset in Figure 3 of Ref. 
31
, we estimate our 
oxygen vacancy concentration to be 12%, i.e. δ=0.36 in LPCMO3-δ based on our volume change of 
2.25%. This number should be regarded with caution though, as the biaxial tensile strain of the 
epitaxial film tends to decrease the c lattice parameter. The tensile strain in the film and the large 
oxygen vacancy concentration are likely mutually stabilizing factors 
24
 and their respective roles here 
are intertwined. This makes an accurate determination of δ in the bulk of the film difficult.  
 
Figure 2. (a) Reciprocal space map of a 100 nm thick epitaxial LPCMO film collected around the 
(103) reflection, showing good epitaxial lattice matching. (b) θ-2θ wide scan showing the absence of 
oxygen vacancy induced crystal structures. (c) The temperature dependence of the resistance 
measured using the PPMS at 0 and 9 T for the film from which the spectroscopic data are presented in 
Figure 3. Our measurement capability is limited to 1×10
9
 Ohm, which is reached at about 78 K for the 
black curve. 
Like other colossal magnetoresistive manganites
5, 6
, bulk stoichiometric LPCMO exhibits a 
paramagnetic to ferromagnetic transition concomitant with a MIT at a transition temperature of 120 K 
32-34
. Both tensile strain 
23, 35
 and the introduction of oxygen vacancies shift the MIT to lower 
temperatures 
7
, the former through a stabilization of the charge ordered (Jahn-Teller distorted) state at 
the expense of the ferromagnetic metallic state 
35
, and the latter through a direct structural disruption of 
the ferromagnetic double exchange interaction, essentially destroying the domain structure of LPCMO 
7
. In Figure 2(c) we present an in-plane resistance measurement as a function of temperature that was 
obtained ex situ using a PPMS after the in situ STS experiments were completed, see below. Our 
epitaxial, single crystalline LPCMO films grown under tensile strain on STO with an intentionally 
large oxygen deficiency are insulating at all temperatures down to 10 K, and have an exceptionally 
high resistance beyond our measurement capabilities below 78 K. In a high magnetic field of 9 T a 
MIT reminiscent of but at a lower temperature than that of stoichiometric bulk reappears (Figure 2(c)).  
 
Figure 3(a) shows temperature dependent tunneling spectroscopy I(V) data obtained in situ from the 
surface of the pristine LPCMO film at temperatures between 75 K and 250 K during warming. We 
ensured that our spectra are representative of the average surface properties by averaging many 
hundreds of I(V) spectra in a sampling area larger than the micron length scale associated with 
electronic phase separation in fully oxygenated bulk LPCMO 
33
: individual I(V) spectra were recorded 
using grids of spectroscopy locations with individual curves separated between 1 to 5 nm. By 
recording multiple adjacent grids, total areas of up to 10 by 10 microns were covered. Analyzing the 
individual curves, we find no indication of electronic phase separation being present. Instead the 
surface electronic properties appear to be homogeneous, consistent with the expected effect of oxygen 
vacancies destroying long-range electronic phase separation in the bulk 
7
. From Figure 3(a) it is clear 
that the tunneling current at higher bias voltage has a minimum value between 100 K and 120 K. The 
 three I(V) spectra presented in Figure 3(b) confirm this observation, with the dashed curve recorded at 
106 K showing a significantly lower current at high tunneling biases. A similar temperature 
dependence of the I(V) curves near the metal-insulator transition temperature (TMIT) was also observed 
by others on related La0.7Ca0.3MnO3 films 
36
. Following the reasoning in this work we conclude this 
high-bias minimum is a signature of a metal-insulator phase transition in the surface DOS of our 
oxygen deficient LPCMO films.  
 
Figure 3. (a) 3D representation of the I(V) tunneling spectra measured as a function of temperature on 
a 100 nm thick LPCMO film. One I(V) spectrum and a guide for the eye for the current as a function of 
temperature at -2V are plotted with a dashed blue line for clarity. The color presents the magnitude of 
tunneling current, and corresponds to the scale on the current axis. All of the curves were measured 
using Vs=-0.5 V, I=30 pA. (b) Three selected I(V) curves above (238K), near (106K), and below (78K) 
the MIT. (c) The temperature dependence of the zero bias conductance d(I)/d(V)|V=0 extracted from the 
data in (a). 
 
To confirm the presence of a MIT, we focus on the temperature dependence of d(I)/d(V)|V=0 as the 
large dynamic range in the I(V) spectra prevents a proper visualization of the low bias characteristics 
Moreover, this zero bias conductance (ZBC) in tunneling spectroscopy reflects the magnitude of the 
DOS at the Fermi level that governs transport properties in a uniform material. Figure 3(c) is the ZBC 
of LPCMO film extracted from Figure 3(a). The ZBC displays a strong temperature dependence, 
decreasing below 190 K, reaching a minimum value around 120 K 
36
, in close agreement with TMIT in 
Figure 3(a), and increasing rapidly with decreasing temperature below 120 K. The increase in ZBC 
below TMIT can be attributed to changes in the DOS due to an increase in delocalized carrier density or 
a decrease in polaron density in the metallic phase as proposed in Refs. 
36-38
. The increase in ZBC 
above the TMIT is consistent with that observed in La0.7Ca0.3MnO3 
36
, where it was attributed to thermal 
broadening of the spectroscopic data in the presence of a small polaronic gap, see Refs. 
36, 38
 and the 
discussion below. 
Clearly a zero-field temperature dependent MIT is present at the surface of oxygen-deficient, 
insulating, 3D perovskite LPCMO films with a Mn-O termination. Its transition temperature is 
unexpectedly close to that of fully oxygenated bulk LPCMO 
33
. This observation indicates that the 
broken symmetry due to the presence of the (pristine) surface does not necessarily result in a nanoscale 
dead layer, in contrast with the general notion that insulating and/or non-magnetic surface dead layers 
are ubiquitous in complex oxides 
15, 19
. More importantly, these findings demonstrate that the intrinsic 
electronic properties of the surface of severely oxygen deficient complex oxides can be surprisingly 
similar to those of fully oxygenated bulk. In this respect, it is interesting to note that we have shown 
earlier in Ref. 
26
 that the pristine Mn-O terminated surface of stoichiometric La5/8Ca3/8MnO3(001) is 
metallic at room temperature, i.e. above than the ferromagnetic metal to paramagnetic insulator 
transition temperature of the bulk (TC=260 K 
26
), presumably caused by the broken symmetry at the 
 surface. Moreover, in Ref. 
39
, an ambient-exposed LPCMO surface was observed to exhibit a gap in 
tunneling spectroscopy data even below the bulk MIT transition temperature. These results confirm 
our premise that it is imperative to study complex oxide surfaces without exposure to the ambient in 
order to achieve a basic understanding of their intrinsic properties 
40
. Indeed surfaces exposed to the 
ambient atmosphere almost always appear to exhibit smooth, parabolic or V-shaped scanning 
tunneling spectroscopy dI/dV curves 
36-39, 41, 42
, even in energy ranges where narrow Mn 3d states 
should produce pronounced peaks in the spectroscopic data. Often a (soft) gap is observed even in the 
metallic phase below TMIT 
37-39, 43
, which is generally interpreted in terms of a soft (pseudo-) gap due to 
small Jahn-Teller (JT) polarons. However, some of these results were recognized to be ambiguous 
because a contamination-induced fully insulating surface layer could allow the detection of the 
transition in the bulk by acting as an addition to the vacuum tunneling barrier in STS experiments 
37, 38
, 




Figure 4. (a) Warming (after zero field cooling) and cooling magnetization curves of the as-grown 
LPCMO film in a 1000 Oe field. The inset shows the corresponding M(T) curves of the same sample 
after annealing in 1 bar flowing oxygen for 8 hours. 
 
In order to investigate whether the observed surface MIT on oxygen deficient LPCMO is coupled to 
the 3D bulk magnetic degrees of freedom, we have performed ex situ temperature dependent 
magnetization measurements on our films as shown in Figure 4. They reveal a sudden appearance of a 
ferromagnetic phase around TC=120 K, i.e. at the same temperature as the surface TMIT. The absence of 
thermal hysteresis in the cooling and warming magnetization curves in Figure 4 implies that large 
scale domain growth is inhibited in our oxygen deficient thin films and the observed magnetization 
originates in small, cluster-like regions 
44
. Consistently, an oxygen anneal of the sample completely 
recovers the thermal hysteresis in the temperature dependent magnetization expected in the presence of 
large domains (see the inset in Figure 4), increases the TMIT towards that of fully oxygenated LPCMO 
films on STO 
23
, and changes the lattice c parameter back to c=3.795 Å giving an expected Poisson 
ratio of 0.304. Hence we conclude that our films differ from “good” LPCMO films only by their 
oxygen deficiency. The onset temperature and magnitude of the magnetization remains comparable for 
our severely oxygen deficient and fully oxygenated films, see the inset in Figure 4. This suggests that a 
competition similar to that from which colossal magnetoresistance in stoichiometric manganites 
originates, is locally still present in the bulk of our strained, oxygen deficient films but that long range 
ordered domain formation is inhibited. 
However, despite the conjecture above, the nature of the metallic and insulating phases we observe 
here remains tentative; a possible electron doping effect due to the oxygen vacancies in the bulk 
45
, a 
 potentially decreased oxygen vacancy concentration near the surface 
25
, and an altered balance of 
competing interactions due to the broken symmetry at the surface 
9, 10, 15
 all may affect the nature of the 
observed metallic and insulating states. The absence of surface magnetic and structural probes in our 
vacuum system, make it impossible to assess (near-) surface magnetic and structural properties without 
exposing the surface to the ambient. We can nonetheless extract a few clues as a starting point for 
further studies into the nature of the observed metallic and insulating surface phases and the origins of 
the observed surface MIT. 
The metallic phase observed here at low temperatures could well be related to the metallicity observed 
on the Mn-O terminated La5/8Ca3/8MnO3(001) surface 
26
; while some of the La is replaced by Pr in the 
current study, promoting a charge ordered (JT) insulating state 
6
, the hole doping level is the same in 
these materials. The absence of translational symmetry perpendicular to the surface plane and the 
termination of the surface in the basal Mn-O plane instead of a full MnO6 octahedron, create a square 
pyramidal C4v symmetry of the surface unit cell. This forces a preferential orbital occupation of the Mn 
3d3z2-r2 orbitals near the surface 
46, 47
, resulting in a larger overlap with the neighboring oxygen 2p 
orbitals and a metallic conductivity channel perpendicular to the surface 
26
. As the effect of the 
symmetry breaking is not strictly limited to the very surface layer itself, the preferential orbital 
occupation can extend a number of unit cells below the surface 
15, 47
. This may even be further 
enhanced by the compressive stress along the c-axis that is associated with the epitaxially imposed in-
plane tensile strain which increases the bandwidth for momenta perpendicular to the plane of the film. 
Also the presence of oxygen vacancies could enhance the coupling to the bulk, depending on their 
energetically preferred position (apical or basal) in near-surface unit cells. Note that the strain 
dependence of the relative basal and apical oxygen vacancy formation energies depends sensitively on 
the balance between crystal field and electrostatic effects 
48
, and may thus vary from one perovskite to 
another 
24, 48
. In the apical position oxygen vacancies relieve compressive strain along the c-axis, and 
the resulting local C4v symmetry (rotation axis along the lattice c-axis) results in a hybridization of the 
Mn 4s and 4p orbitals with the Mn 3d3z2-r2 orbitals and enhanced Mn-Mn hopping integrals along the c-
axis, while keeping the other Mn 3d orbitals relatively unaffected 
49
. Note that the inherent out of plane 
anisotropy of these conducting channels would favor detection by STS and could possibly be 
undetectable in in-plane transport experiments (Figure 2(c)). Similar anisotropic behavior has been 
predicted in a situation of anisotropic in-plane strain 
50
, where it was inferred that large-scale domain 
percolation is not essential to obtain highly anisotropic resistivities in manganites. Instead Dong et al. 
50
 concluded that such anisotropy originates in anisotropic double exchange and anisotropic Jahn-
Teller distortions and should be observable in a variety of manganites and other complex oxides. 
Regarding the insulating phase, our data suggest that its physical origin is qualitatively different from 
that of dead layer insulating phases proposed in the literature. The insulating and/or non-magnetic 
surfaces of CMR manganite perovskites 
9, 14, 15
 are stable at the lowest temperatures studied and persist 
over the full temperature range, indicating these dead layers may be exceedingly stable ground states at 
these surfaces. Instead, the insulating phase we observe appears only above TMIT, see Figure 3, 
suggesting an interaction-driven insulating nature, possibly similar to that in stoichiometric bulk 
LPCMO and La1-xCaxMnO3 (LCMO). The temperature dependence of the ZBC above TMIT offers us a 
possible clue as to its nature. Generally, when a gap opens and a material turns insulating, the DOS at 
the Fermi energy becomes zero. Our ZBC data do not show such behavior; instead with increasing 
temperature a slowly increasing finite ZBC is present, see Figure 3(b). This suggests the insulating 
phase is polaronic in nature, exhibiting a small pseudogap due to Jahn-Teller distortions around Mn
3+
 
ions above TMIT 
36, 38
. Indeed, model calculations in Ref. 
20
 show that polaron formation occurs more 
easily on the surface than in the bulk, while the (electron-phonon) coupling strength that causes the 
localization (binding) of polarons associated with the MIT is enhanced at the surface. The room 
temperature presence of the insulating polaron phase at the pristine LPCMO surface, being absent at 
the LCMO surface 
26
 is consistent with the Pr-induced destabilization of the metallic state at the 
 expense of the insulating state in LPCMO, naturally explaining the difference in temperature 
dependent properties of pristine LPCMO and LCMO surfaces. Finally, these scenarios do not need a 
significant vacancy incorporation at the surface to be qualitatively consistent with our observations. 
Indeed, the fact that the competing interactions result in a TMIT close to that of the fully oxygenated 
bulk suggests that the electronic properties at the surface of oxygen deficient manganites are not 
significantly affected by an oxygen deficiency in the bulk, or possibly even that the (near-) surface 
vacancy concentration is indeed significantly lower than in the bulk 
46
, consistent with the absence of 
vacancy induced reconstructions. These observations carry important implications for the design of 
complex oxide functionality in catalysis and electrochemistry. 
Conclusions 
In summary, we performed in situ temperature dependent scanning tunneling spectroscopy 
experiments on pristine oxygen deficient, epitaxial LPCMO films that have not been exposed to 
ambient conditions. The bulk of these films is insulating in ex situ in-plane electronic transport 
experiments at all temperatures. Scanning tunneling spectroscopic data reveal that the surface of these 
insulating films exhibits a metal-insulator transition at 120 K, coincident with the ferromagnetic 
ordering of small clusters in the bulk of the oxygen deficient film. The temperature dependence of the 
zero bias conductance above TMIT suggests the presence of a polaronic pseudogapped insulating phase. 
The broken symmetry due to the presence of the surface evidently does not induce the formation of a 
nanoscale dead layer on this three dimensional perovskite manganite. The surprising proximity of the 
surface TMIT of the non-stoichiometric film with that of the fully oxygenated bulk suggests that the 
intrinsic electronic properties in the surface region are not significantly affected by oxygen deficiency 
in the bulk, with important implications for the functional design of complex oxides for catalysis and 
electrochemistry. 
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